In addition to the known retrograde transport of neurotrophins, it is now evident that endogenous brain-derived neurotrophic factor (BDNF) is transported in the anterograde direction in peripheral and central neurons. We used a double-ligation procedure that distinguishes between anterograde and retrograde flow to quantify the anterograde transport of endogenous neurotrophins and neuropeptides in the peripheral nervous system before and after axotomy. BDNF accumulation proximal to the ligation (anterograde transport) was twice that distal to the ligation (retrograde direction). Anterograde transport of nerve growth factor and neurotrophin-3 was not evident. Furthermore, BDNF anterograde transport increased 3.5-fold within 24 hr after sciatic nerve injury or dorsal rhizotomy. Anterograde transport of substance P and calcitonin gene-related peptide decreased after peripheral nerve lesion, demonstrating that there was no generalized increase in anterograde transport. To determine the source of the anterogradely transported BDNF, we performed in situ hybridization in a variety of tissues before and after axotomy. Expression of BDNF mRNA in proximal nerve segments did not change with treatment, showing that the increased accumulation of BDNF was not a result of increased local synthesis. BDNF mRNA and protein were expressed by dorsal root ganglion sensory neurons but not by motor neurons. BDNF mRNA expression was increased 1 d after nerve injury, and BDNF protein was also increased twofold to threefold, suggesting that sensory neurons are the major contributing source of the increased BDNF traffic in the sciatic nerve. Our results suggest that increased anterogradely transported BDNF plays a role in the early neuronal response to peripheral nerve injury at sites distal to the cell body.
In addition to the known retrograde transport of neurotrophins, it is now evident that endogenous brain-derived neurotrophic factor (BDNF) is transported in the anterograde direction in peripheral and central neurons. We used a double-ligation procedure that distinguishes between anterograde and retrograde flow to quantify the anterograde transport of endogenous neurotrophins and neuropeptides in the peripheral nervous system before and after axotomy. BDNF accumulation proximal to the ligation (anterograde transport) was twice that distal to the ligation (retrograde direction). Anterograde transport of nerve growth factor and neurotrophin-3 was not evident. Furthermore, BDNF anterograde transport increased 3.5-fold within 24 hr after sciatic nerve injury or dorsal rhizotomy. Anterograde transport of substance P and calcitonin gene-related peptide decreased after peripheral nerve lesion, demonstrating that there was no generalized increase in anterograde transport. To determine the source of the anterogradely transported BDNF, we performed in situ hybridization in a variety of tissues before and after axotomy. Expression of BDNF mRNA in proximal nerve segments did not change with treatment, showing that the increased accumulation of BDNF was not a result of increased local synthesis. BDNF mRNA and protein were expressed by dorsal root ganglion sensory neurons but not by motor neurons. BDNF mRNA expression was increased 1 d after nerve injury, and BDNF protein was also increased twofold to threefold, suggesting that sensory neurons are the major contributing source of the increased BDNF traffic in the sciatic nerve. Our results suggest that increased anterogradely transported BDNF plays a role in the early neuronal response to peripheral nerve injury at sites distal to the cell body.
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The neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor (BDN F), neurotrophin-3 (N T-3), and NT-4 are produced by neuronal target tissues and regulate the survival and normal maintenance of neurons (for review, see Barbacid, 1994; Snider, 1994) . The uptake of neurotrophins into axons by high-affinity receptors is followed by retrograde transport to the cell bodies of responsive neurons (DiStefano et al., 1992; Curtis et al., 1995) . Although it is generally accepted that retrograde transport is critical to neurotrophin f unction, the exact mechanism of action remains unknown (Curis and DiStefano, 1994) . The expression of N T-3 and BDN F in sensory neurons of the dorsal root ganglion (DRG) suggests that the neurotrophins serve roles other than conventional target-derived retrograde signaling factors (Ernfors et al., 1990; Schecterson and Bothwell, 1992; Wetmore and Olson, 1995) . The possibility of autocrine or paracrine roles within the ganglion is supported by the observation that DRG neurons in tissue culture produce BDN F that is required for their own survival (Acheson et al., 1995) . The production of BDNF by sensory neurons also raises the possibility that the neurotrophins are anterogradely transported and may influence target tissues or glial cells. Trafficking of neurotrophins to sites distal to the cell body would suggest new mechanisms of neurotrophin action.
There is mounting evidence for anterograde axonal transport of BDNF. Exogenous 125 I-labeled BDNF is anterogradely transported by specific nuclei in the avian CNS (von Bartheld et al., 1996; Johnson et al., 1997) . Anterograde transport of endogenous BDNF in the rat CNS is suggested by the presence of BDNF immunoreactivity in brain regions devoid of BDNF mRNA and by the abolition of BDNF in these regions by deafferentation (Altar et al., 1997; Conner et al., 1997) . In the peripheral nervous system, interruption of axonal transport by ligation of the sciatic nerve or crush of the dorsal root causes accumulation of BDNF immunoreactivity proximal to the injuries, supporting both peripheral and central anterograde transport by DRG neurons (Zhou and Rush, 1996; Michael et al., 1997) . The potential sources of BDNF accumulation in sciatic nerve are DRG sensory neurons, target tissues, or Schwann cells within the nerve, all of which can express BDNF under certain circumstances (Ernfors et al., 1990; Meyer et al., 1992; Schecterson and Bothwell, 1992; Henderson et al., 1993) .
In this study, we have used immunohistochemistry and a sensitive ELISA to localize and quantify BDNF anterograde transport in sciatic nerve. In contrast to BDNF, we find no evidence for anterograde transport of NGF or NT-3. We show by in situ hybridization that the primary site of BDNF synthesis is DRG sensory neurons. Furthermore, we demonstrate that the anterograde transport of BDNF is rapidly upregulated when the peripheral nerve or dorsal roots are damaged, and this correlates with increased expression of BDNF by sensory neurons. The increased anterograde transport of BDNF after axonal injury implicates this mode of neurotrophin action in the neuronal response to peripheral nerve damage and suggests several novel f unctions for this member of the neurotrophin family.
MATERIALS AND METHODS

Surg ical procedures.
Male Sprague Dawley rats (250 -400 gm) were obtained from Z ivic Miller (Z elienople, PA), housed two per cage, and given food and water ad libitum. E xcept where otherwise noted, all rats were anesthetized with ketamine (50 mg / kg) and xylazine (10 mg / kg). All animal use in this study was conducted in compliance with approved institutional animal care and use protocols and according to National Institutes of Health guidelines (Guide for the Care and Use of Laborator y Animals, National Institutes of Health publication 1985) .
To axotomize peripheral axonal processes of sensory and motor neurons, the sciatic nerve was crushed or cut at the level of the knee; either the right sciatic nerve was crushed twice for 10 sec with number 5 fine forceps, or a 5 mm segment was resected. Sham surgeries only exposed the nerve. Dorsal rhizotomy was performed to damage the central axonal processes of sensory neurons. L4 and L5 roots and DRGs were the focus, because 97% of DRG neurons projecting into the sciatic nerve in the rat are located in the L4 and L5 DRG (Swett et al., 1991) . Briefly, rats were anesthetized with chloral hydrate (170 mg / kg) and pentobarbital (35 mg / kg), and a laminectomy was performed at the level of the L2 DRG to expose the passing roots on the right side. After opening the dura, the roots were cut and separated with gel foam. At the time of killing it was verified that the L4 and L5 dorsal roots were cut without damage to the ventral roots. Sham surgeries only exposed the dura. After all surgeries, the muscle layers were sutured, and the skin was closed with surgical staples.
To visualize and quantif y anterograde and retrograde transport of endogenous neurotrophins and neuropeptides, we performed a doubleligation procedure that has been used previously to examine axonal transport of acetylcholinesterase, neurotransmitters, and neurotrophins in the sciatic nerve (Ranish and Ochs, 1972; Ben-Jonathan et al., 1978; Johnson et al., 1987; Z hou and Rush, 1996) . Ligations consisted of two 4 -0 silk ligatures tied tightly around the sciatic nerve 0.5 cm apart, ϳ1 cm distal to the tendon of the obturator internus muscle. Eighteen to 20 hr later, the ligated nerve was removed for immunostaining or biochemical analysis as described below. We used the double-ligation technique for the following reasons: (1) it interrupts axonal flow, facilitating visualization and quantification of transported substances; (2) it provides clear separation of proximal and distal segments, demonstrating retrograde or anterograde transport of substances by accumulation in these segments; (3) accumulation on the proximal side provides evidence for anterograde transport, whereas accumulation on the distal side indicates retrograde transport; and (4) the middle segment provides information about local synthesis as well as accumulation after placement of the ligature. Although small amounts of a substance in transit within the middle segment may accumulate at the ligations, local synthesis is suggested by uniform distribution throughout the middle segment.
125 I-labeled BDN F was used to evaluate uptake and anterograde or retrograde transport of BDN F from within the sciatic nerve.
125 I-BDN F was prepared and formulated according to DiStefano et al. (1992) . T wenty-two nanograms of 125 I-BDN F in 0.5 l were injected 14 -16 mm proximal or distal to a single ligature placed on the sciatic nerve under ketamine and xylazine anesthesia. T wenty hours later the nerve between the injection site and ligation was divided into 2 mm segments, and the 125 I-BDN F content was quantified by gamma counting.
Immunohistochemistr y. Animals were anesthetized and perf used transcardially with ice-cold heparinized saline followed by ice-cold 2% paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer, pH 6.9. Ligatures were removed, and the nerves were equilibrated at 4°C for at least 48 hr in 25% sucrose and 0.1 M phosphate buffer with 0.008% sodium azide. Frozen sections were cut at 10 m on a cryostat, mounted on slides, and incubated overnight at 4°C with various antibodies diluted in 0.1 M phosphate buffer and 0.3% Triton X-100. A specific goat anti-NGF antiserum was a gift from Dr. E. M. Johnson Jr. (Washington University, St. L ouis, MO) (Anderson et al., 1995) . A rabbit polyclonal antibody against BDN F was provided by Amgen, Inc. (Thousand Oaks, CA) . This antibody is specific for BDN F because it recognizes BDN F but not the other neurotrophins by ELISA (Radka et al., 1996) . Furthermore, BDN F immunoreactivity is absent in tissues from BDN F-null mice, as shown by immunohistochemistry and ELISA (Bianchi et al., 1996; Radka et al., 1996; Conner et al., 1997) . Rabbit polyclonal antisera against substance P (SP; Incstar, Stillwater, M N) or calcitonin generelated peptide (CGRP; Z eneca, Macclesfield, UK) were gifts from Dr. L orne M. Mendell (State University of New York, Stony Brook, N Y). Staining was visualized with biotinylated rabbit anti-goat IgG (diluted 1:500) or biotinylated goat anti-rabbit IgG (diluted 1:200) and the ABC Elite kit for NGF and Standard kit for BON F, CGRP, and SP (Vector, Burlingame, CA), using 3,3Ј-diaminobenzidine (Sigma, St. L ouis, MO) as the chromogen.
In situ hybridization. Plasmid containing f ull-length rat BDN F cDNA (Maisonpierre et al., 1991) was linearized with either EcoRI for synthesis of antisense BDN F probes using T3 polymerase or KpnI for synthesis of sense BDN F probes using T7 polymerase.
35 S-UTP-labeled probes were produced with a Stratagene (La Jolla, CA) RNA transcription K it. Ten micrometer frozen sections of DRG, spinal cord, and ligated nerve were fixed with 4% paraformaldehyde for 10 min, acetylated, and hybridized as described . Slides were dipped in N TB-2 autoradiographic emulsion (Kodak, Rochester, N Y) and exposed at 4°C for 3-10 d.
ELISA and radioimmunoassay. Ligatures were removed, and the nerves were cut into proximal, middle, and distal segments ϳ5 mm long. DRGs were dissected free of the nerve and roots. The tissues were weighed and frozen on dry ice. Before assay, tissues were homogenized using a rotating Teflon pestle (1800 rpm) for 20 sec. In some experiments, the results are expressed relative to tissue mass. In other experiments, notably the measurement of neurotrophins and neuropeptides before and after axotomy (see Fig. 3 ), protein assay was performed on the nerve segments (Pierce, Rockford, IL), and the results are expressed as nanograms per milligram of protein.
NGF, BDN F, and N T-3 were quantified in tissue extracts by two-site ELISA. The NGF ELISA was performed with a commercially available kit using the monoclonal antibody 27/21 (Boehringer Mannheim, Mannheim, Germany). For the BDN F and N T-3 ELISAs, tissues were homogenized and prepared as described, and the BDN F levels were determined using a monoclonal antibody for capture and a biotinylated polyclonal reporter antibody (Radka et al., 1996) . N T-3 levels were determined using a two-site ELISA that used different capture and reporter monoclonal antibodies. Monoclonal antibodies were generated against recombinant human N T-3 by conventional techniques. The linear ranges of the ELISAs were BDN F, 78 pg /ml -10 ng /ml; N T-3, 78 pg /ml -20 ng /ml; and NGF, 0.1 pg /ml -11 ng /ml. The antibodies used in these ELISAs were specific for the individual neurotrophins and did not cross-react with other neurotrophin family members at up to 100 times the maximal concentration used for the standard curve (Radka et al., 1996; A. Acheson, unpublished observations) .
SP and CGRP radioimmunoassays were performed as described (Wong and Kessler, 1987) , using rabbit anti-SP antiserum (a gift from Dr. J. Kessler, Albert Einstein College of Medicine, Bronx, N Y) or commercially available kits for CGRP (Peninsula Laboratories Inc., Belmont, CA).
Data anal ysis. Differences in means were tested using ANOVA with Fisher's protected least significant difference as a post hoc test; p Ͻ 0.05 was considered statistically significant.
RESULTS
Retrograde but not anterograde transport of NGF
We have characterized previously the retrograde transport of exogenous 125 I-labeled neurotrophins to sensory and motor neurons and the regulation of retrograde transport by neuronal injury (DiStefano et al., 1992; DiStefano and Curtis, 1994; Curtis et al., 1995) . To examine the transport of endogenous neurotrophins in the retrograde and/or anterograde direction, we used a doubleligation technique. Accumulation of a substance on the proximal (cell body) side provides evidence for anterograde transport from neurons in the spinal cord or DRG whereas accumulation on the distal (peripheral) side of the double ligature supports retrograde transport. To validate this approach, we examined NGF accumulation by immunohistochemistry and ELISA 18 -20 hr after placement of the double ligation. In accordance with previous studies (Palmatier et al., 1984; Korsching and Thoenen, 1985) , NGF immunoreactivity was visible on the distal side of the distal ligature and to a lesser extent on the distal side of the proximal ligature ( Fig. 1 A,B) ; NGF retrograde transport but not anterograde transport was verified by quantitative NGF ELISA (Fig. 1C) .
Anterograde transport of BDNF is increased by neuronal injury
We next examined the transport of endogenous BDNF in the sciatic nerve using a BDN F-specific antibody (see Materials and Methods). When the sciatic nerve was removed immediately after placement of a double ligation, BDN F immunoreactivity was not visualized on either side of the ligature (Fig. 2 A-C) . However, BDNF was localized on the proximal and distal sides of a double ligation after 18 -20 hr (Fig. 2 D-F) . BDN F was particularly intense on the proximal side, suggesting a predominance of anterograde transport. The accumulation of BDN F proximal to the ligature resembled the distribution of neuropeptides SP and CGRP (Fig. 2 M,N ) , which are known to be anterogradely transported in the axons of DRG neurons (Kruger et al., 1985; IshidaYamamoto et al., 1989) .
We have reported previously that retrograde transport of exogenous neurotrophins is modulated by neuronal injury (DiStefano and . To examine the effects of injury on anterograde and retrograde transport of endogenous BDNF, a double ligation was placed on the sciatic nerve proximal to a crush injury of the nerve made 1 d earlier or 1 d after cutting L4 and L5 dorsal roots. The accumulation of BDN F proximal to the ligation over the standard 18 -20 hr period increased dramatically both after sciatic crush (Fig. 2G-I ) and after rhizotomy (Fig. 2 J-L) . Taken together, these immunohistochemical results support both the retrograde and anterograde transport of endogenous BDNF in the sciatic nerve, as reported previously (Z hou and Rush, 1996) , and show that anterograde transport of BDN F is increased after damage to either the dorsal roots or sciatic nerve.
The immunohistochemical results were corroborated using a sensitive two-site ELISA for BDN F in the different nerve segments (Fig. 3A) . Baseline BDN F content was measured in nerve segments removed immediately after double ligation to account for nonspecific effects of nerve manipulation. BDN F levels were 30 times greater than baseline levels in the proximal nerve segment and 13 times greater in the distal nerve segment 18 -20 hr after double ligation. In agreement with the immunohistochemistry, BDN F accumulation proximal to the ligations in these control nerves was significantly greater than in the distal nerve ( p Ͻ 0.0001), showing that the anterograde transport of BDNF is greater than retrograde transport. BDNF levels in the segment of nerve between the two ligations (middle) were not significantly different from baseline, indicating a lack of local BDNF production. The local BDNF concentration in the proximal segment (ϳ2 ϫ 10 Ϫ9 M) can be calculated from the total amount of BDNF that builds up at the ligature (ϳ800 pg) and the approximate volume of the tissue (16 l, 5 mm nerve segment assuming a diameter of 2 mm).
When the double ligation was placed on the sciatic nerve 1 d after crushing the nerve distal to the ligation site or cutting the L4 and L5 dorsal roots, the accumulation of BDNF proximal to the ligations was increased by ϳ3.5-fold compared with control values (Figs. 3A, 4 ). This did not reflect an overall increase in protein in the nerve, because identical results were obtained when BDNF levels were expressed relative to the tissue weight or protein content. Nerve crush and rhizotomy did not change the BDNF levels in the middle segment, indicating a lack of local BDNF synthesis 1 d after neuronal injury. Transport in the retrograde direction was not increased 1 d after rhizotomy. It is difficult to assess the effects of nerve crush on retrograde transport with this paradigm, because nerve injury distal to the ligatures separated the nerve from potential sites of BDNF acquisition from the peripheral target tissues (Schecterson and Bothwell, 1992; Henderson et al., 1993) .
Baseline levels of NT-3 were higher than BDNF in all nerve segments (Fig. 3B) , consistent with NT-3 mRNA expression in the normal nerve (Funakoshi et al., 1993) . NT-3 levels in the proximal, middle, and distal nerve segments were greater than baseline values 18 -20 hr after double ligation. In contrast to BDNF, there were no significant differences between segments, indicating that NT-3 levels were probably increased by local synthesis, although it remains possible that some NT-3 had accumulated by retrograde or anterograde transport. NT-3 levels in the nerve segments were also not significantly altered by either previous nerve crush or rhizotomy. Therefore, the anterograde and retrograde transport of BDNF and the regulation of BDNF anterograde transport by nerve injury set this neurotrophin apart from NT-3 and NGF.
To test whether the increase in BDNF anterograde transport was linked to a general increase in anterograde transport, we quantified the accumulation of SP and CGRP at the double ligation in normal animals and after nerve crush. SP and CGRP both accumulated at the proximal side of an 18 -20 hr double ligation but, unlike BDN F, the accumulation was decreased 1 d after crushing the sciatic nerve (Fig. 3C,D) . The decreased accumulation at the ligation was not associated with a change in the total protein content in the DRG ( p Ͼ 0.7 for SP and CGRP, one-way ANOVA). These results are in agreement with the reported lack of changes in the level of SP (Jessell et al., 1979) and CGRP (Dumoulin et al., 1991) in rat DRG 1 d after sciatic nerve transection. Therefore, neuronal injury does not cause a general increase in anterograde transport of axonally transported proteins.
To examine the time course of the effect of axonal injury on BDNF anterograde transport, double ligatures were made 1-3 d after crushing the sciatic nerve or cutting the dorsal roots. Whereas BDNF anterograde transport was elevated 1 d after nerve crush, the accumulation of BDNF proximal to the ligature returned to control levels at 2 and 3 days (Fig. 4) . In contrast, the proximal accumulation of BDN F remained elevated up to 3 d after dorsal rhizotomy. Sham surgeries for the nerve crush and dorsal rhizotomy did not significantly increase the anterograde transport of BDN F (Fig. 4) .
Source of anterogradely transported BDNF
Potential sources of the BDN F proximal to a ligation are DRG sensory neurons, motor neurons, or Schwann cells within the nerve. To resolve this, we used in situ hybridization to localize BDNF mRNA expression before and after neuronal injury. BDNF mRNA was observed in DRG sensory neurons from untreated rats (Fig. 5A) , and expression was increased 1 d after crushing or cutting the sciatic nerve (Fig. 5C ,E, respectively). Nerve injury increased the number of neurons in the DRG expressing BDN F mRNA and also elevated the signal from individual neurons. BDN F mRNA expression also increased 1 d after dorsal rhizotomy but not after sham surgery to the nerve or dorsal root (data not shown). Therefore, damage to the central or peripheral process of DRG neurons upregulates BDN F mRNA in these cells at a time when anterograde transport of BDNF into the peripheral processes is also upregulated. In contrast to the DRG, BDN F mRNA was not detected in motor neurons in the ventral horn of the spinal cord in normal animals or 1 d after cutting (Fig. 5G,H ) or crushing (data not shown) the sciatic nerve. To demonstrate the contribution of Schwann cells to the BDN F measured in the proximal segments, we also examined BDN F mRNA expression proximal to the ligations. BDN F mRNA expression, although apparent in Schwann cells, was unchanged 18 -20 hr after ligation, with or without previous nerve lesion (Fig. 5K,J, respectively) . Thus, local synthesis of BDN F by Schwann cells does not contribute to the increased proximal accumulation of BDN F in the nerve. The sense strand showed no hybridization in DRG or nerve (Fig.  5B,I ) .
In situ hybridization results show that BDN F can be synthesized in nerve. Thus, it is conceivable that BDN F might be taken up by axons from within the nerve at a site proximal to the ligations, and be anterogradely transported. To test this possibility, we determined whether exogenous 125 I-labeled BDNF injected into the nerve proximal to a ligation could be bound, endocytosed, and anterogradely transported by axonal processes. Retrograde and anterograde transport of exogenous BDNF was investigated in sciatic nerve with or without nerve crush. One day after crushing the nerve distally, a single ligature was placed on the sciatic nerve proximal to the crush, and 125 I-BDNF was injected (0.5 l volume) 14 -16 mm proximal or distal to the ligature (diagrams in Fig. 6 ). Both the ligation and injection were made proximal to the crush site. Approximately 20 hr after the injection, the portion of the nerve between the injection site and ligation was removed and divided into 2 mm nerve segments for gamma counting. We have shown that, 18 -20 hr after injection into the sciatic nerve, Ͼ 90% of the 125 I-BDNF remains intact (R. Curtis and P. S. DiStefano, unpublished data). After distal injection, there was build up of 125 I-BDNF at the ligature, demonstrating that axons can take up and retrogradely transport BDNF present in the nerve as expected (Fig. 6 B) . Retrograde accumulation of BDNF was enhanced by previous nerve crush compared to sham surgery. In contrast, there was no buildup of 125 I-BDNF at the ligation site after proximal injection either with previous nerve crush or sham surgery (Fig. 6 A) , supporting the conclusion that BDNF produced within the nerve is not the source of anterogradely transported BDNF.
From these results, it is likely that DRG sensory neurons are the major contributing source of anterogradely transported BDNF both before and after injury. To confirm this, we measured BDNF protein levels by ELISA in the DRG before and after neuronal injury. BDNF levels in the ipsilateral DRG were increased approximately twofold to threefold 1 d after sciatic nerve crush or rhizotomy ( Fig. 7 ; two-way ANOVA, F (1,27) ϭ 14.368; p ϭ 0.0008). BDNF levels were not increased in the contralateral DRG by any manipulations. These data suggest that BDNF mRNA is translated into protein, but quantitative comparisons are difficult because of the likely anterograde and retrograde trafficking of BDNF through the ganglion.
DISCUSSION
The target-derived model of neurotrophin action has recently been supplemented by the concept that neurons themselves express neurotrophins (Ernfors et al., 1990; Schecterson and Bothwell, 1992) . Neuronal neurotrophins may act in a paracrine or autocrine manner on neurons within the same ganglion or nucleus (Acheson et al., 1995; Wetmore and Olson, 1995) . The demonstration of anterograde transport further alters this model, suggesting neurotrophic actions on distant neurons or other target tissues. We have demonstrated increased anterograde transport of BDNF in response to neuronal injury, thus implicating BDNF in the process of nerve regeneration.
Source of BDNF
We have presented several lines of evidence that BDNF is anterogradely transported in the sciatic nerve and that this transport is increased after nerve injury. As expected of an anterogradely transported protein, BDNF accumulated proximal to a double ligation of the sciatic nerve over 18 -20 hr. Moreover, the distribution of BDNF in axons overlapped with the anterogradely transported neuropeptides SP and CGRP. A sensitive two-site ELISA confirmed the immunohistochemical results, showing that BDNF protein levels at the proximal ligature increased 30-fold over baseline during the 18 -20 hr ligation period. In situ hybridization showed that BDN F mRNA expression was not changed in this region after 20 hr of ligation, arguing against local production of BDN F by Schwann cells as the source of the accumulated BDNF. This is consistent with previous results that BDNF mRNA expression is not increased until 3-7 d after sciatic nerve injury in adult rats (Meyer et al., 1992; Funakoshi et al., 1993) . Finally, BDN F anterograde transport was increased after axotomy of DRG neurons by either sciatic nerve crush or dorsal rhizotomy, which is correlated with increased expression of BDNF mRNA and protein in the DRG neurons (see below).
There are three potential sources of the anterogradely transported BDN F. First it is possible that BDN F synthesized in peripheral target tissues, and retrogradely transported to the DRG, is anterogradely transported back along the peripheral axons. Although we have not been able to exclude this possibility, peripheral administration of a BDNF antisera that blocks retrograde BDNF transport does not block the anterograde transport of BDNF (Zhou and Rush, 1996) . Second, it is conceivable that BDNF released by Schwann cells in the nerve is taken up into axons and anterogradely transported. We have shown that exogenous 125 I-BDNF injected into the sciatic nerve proximal to a ligature did not result in accumulation, suggesting that BDNF in the nerve cannot be taken up and transported anterogradely. The third possibility, which we favor, is that DRG neurons are the source of the anterogradely transported BDNF. In situ hybrid- ization showed relatively high BDN F mRNA levels in a defined subset of DRG neurons (Ernfors et al., 1990; Schecterson and Bothwell, 1992; Kashiba et al., 1997) . Injury to either the central or peripheral process of sensory neurons caused an upregulation of BDN F mRNA in these cells within 1 d. Additionally, we have shown increased levels of BDN F protein by ELISA, consistent with increased BDN F mRNA in DRG 1 d after sciatic nerve injury (Sebert and Shooter, 1993) . This elevated BDN F expression corresponds with increased BDN F anterograde transport in the sciatic nerve. Preliminary reports suggest that, in addition to trkA-positive sensory neurons, trkB-and trkC -positive sensory neurons also express BDN F mRNA after nerve injury . In agreement with previous reports (Ernfors et al., 1990) , we found that normal, and also axotomized, spinal cord motor neurons did not express detectable BDN F mRNA by in situ hybridization. However, others have reported that BDNF mRNA is increased in axotomized rat facial motor neurons 1 d after axotomy (Kobayashi et al., 1996) , which may reflect an inherent difference between spinal and brainstem motor neurons.
Anterograde transport in the sciatic nerve appears to be specific for BDNF among the neurotrophins studied. NGF accumulated only in the distal nerve segment, indicating only retrograde transport of endogenous NGF, as expected from the lack of NGF mRNA in the adult rat spinal cord and DRG neurons (Korsching and Thoenen, 1985; Kashiba et al., 1997) . NT-3 levels did not specifically increase in any nerve segments after double ligation, consistent with the lack of NT-3 mRNA in the adult rat DRG and spinal cord (Ernfors et al., 1990; Kashiba et al., 1997 ) (J. R. Tonra and P. S. DiStefano, unpublished data). The increased NT-3 protein levels after ligation compared with baseline may represent local production, although NT-3 mRNA expression has been reported to decrease by ϳ50% 1 d after sciatic nerve transection (Funakoshi et al., 1993) .
Targets of BDNF action
There are three possible targets for anterogradely transported BDNF in the sciatic nerve: peripheral target tissues, Schwann cells in the nerve, and peripherally projecting neurons. BDNF may be released at the axon terminals in the skin and muscle, serving as a neurotransmitter on responsive peripheral target tissues. Several observations suggest a role for BDNF in neurotransmission. In culture, BDNF modulates the excitability of developing neuromuscular synapses (Lohof et al., 1993) and regulates postsynaptic activity in hippocampal neurons (Kang and Schuman, 1995; Levine et al., 1995) via trkB receptors localized in hippocampal postsynaptic densities (Wu et al., 1996) . BDNF is present in the synaptosomal fraction isolated from adult rat cortex (Fawcett et al., 1997) and shows activity-dependent release (Androutsellis-Theotokis et al., 1996) . In spinal cord, BDNF is localized in vesicles within axon terminals in the superficial dorsal horn . BDNF immunoreactivity in dorsal horn can be abolished by rhizotomy (Zhou and Rush, 1996) (Tonra and DiStefano, unpublished observations), suggesting that it arises from primary nociceptive neurons in the DRG and, therefore, may be involved in responses to painful stimuli.
The targets of anterogradely transported BDNF are likely to change in pathological states, such as peripheral nerve trauma. A role for BDNF after nerve injury is supported by the increased BDNF expression in injured sensory neurons and accumulation in the tip of the proximal nerve stump. It is possible that anterogradely transported BDNF may be released at the site of axon 125 I-BDNF injections were made 14 -16 mm proximal (A, anterograde transport) or distal (B, retrograde transport) to a single ligation of the sciatic nerve, as indicated. The nerve was removed ϳ20 hr after injection, cut into 2 mm nerve segments, and counted in a gamma counter. Data represent mean counts per minute (CPM ) Ϯ SEM of three animals. Note that the y-axis has been truncated at 28,000 CPM to illustrate 125 I BDN F levels at the ligation site.
125 I BDN F levels at the injection site were 100,000 -150,000 C PM. *p Ͻ 0.05; **p Ͻ 0.01 versus the adjacent segment 4 mm from the ligature.
damage to support peripheral neurons that have lost targetderived trophic factors. The calculated concentration of BDNF proximal to a ligature (ϳ2 ϫ 10 Ϫ9 M) is likely to activate receptors for BDN F (K d , 10 Ϫ10 -10 Ϫ11 M) (Chao, 1994; Chao and Hempstead, 1995) . Acheson et al. (1995) have shown a paracrine and autocrine requirement for BDN F in the survival of adult sensory neurons in vitro, so BDN F released from damaged axons may prevent the axotomy-induced death of a population of DRG neurons. BDN F released from sensory neurons may also provide trophic support to damaged motor neurons (DiStefano et al., 1992; Yan et al., 1992; Friedman et al., 1995) that express the catalytic isoform of trkB (Koliatsos et al., 1993) . Because levels of anterogradely transported BDN F return to normal by 2 d, the regenerating axons may find an alternative source of BDNF in Schwann cells in the distal stump, which show increased synthesis of BDN F at later times after nerve lesion (Meyer et al., 1992; Funakoshi et al., 1993) .
A role for BDN F in the response to nerve injury is further suggested by increased receptor-mediated retrograde transport of exogenous 125 I-BDN F to sensory and motor neurons 1 d after sciatic nerve crush or dorsal rhizotomy (DiStefano and Curtis, 1994) (R. Curtis, J. R. Tonra and P. S. DiStefano, unpublished observation). This is thought to be mediated by a generalized increase in anterograde and retrograde transport capacity of injured neurons, possibly related to increased expression of axonal transport motor proteins (Su et al., 1997) . Increased synthesis and anterograde transport of BDN F by sensory neurons after nerve injury could be part of a coordinated program to enhance the survival of axotomized neurons. This may be a general response of sensory neurons to injury, because increased BDNF anterograde transport also occurs after rhizotomy.
Anterogradely transported BDN F may also aid in nerve regeneration. Schwann cells increase their expression of low-affinity neurotrophin receptor (L N R) and a truncated noncatalytic form of trkB after nerve injury (Funakoshi et al., 1993) . Anterogradely transported BDN F released by damaged neurons may bind to these receptors expressed on Schwann cells and serve as a localized source of trophic support for regenerating neurons or guide axonal elongation, as proposed previously for NGF (Johnson et al., 1988; Frisén et al., 1993) . BDN F released in nerve may also act on Schwann cells expressing L N R after nerve injury. NGF, BDNF, and N T-3 all signal through this receptor via the sphingomyelin -ceramide pathway (Dobrowsky et al., 1995) . Because LNR signaling through the ceramide pathway promotes cell death (Rabizadeh et al., 1993; C asaccia-Bonnefil et al., 1996) , axonal BDN F may help control Schwann cell numbers after peripheral nerve injury. BDN F released from axons may also regulate Schwann cell migration after nerve injury, an effect induced by NGF that can be inhibited by antibodies to LNR (Anton et al., 1994) .
In conclusion, BDN F anterograde transport by sensory neurons is dramatically increased after damage to the peripheral or central axons of sensory neurons. The specificity of this effect for BDNF anterograde transport suggests an important role for this neurotrophin in the f unctioning of the peripheral nervous system and the response to nerve injury.
